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BACEGROUND

Materials are known as chromogenic when they change their color in response to
some stimulus. In thermochromic (TC), electrochromic (EC) and photochromic
(PC) materials the stimuli are temperature, electric field and photons
respectively. Scientists at the Energy Efficient Buildings Program at the
Lawrence Berkeley Laboratory, University of California have led the efforts to
study the solar energy applications of these materials. (Refs. 1—4). The
objectives of this program were to investigate the literature, analyze and
report on the properties of EC and TC materials that may be useful for solar
energy conversion and building glazing applications. The intent was to

emphasize, but mot limit the study to, the oxides of vanadium and niobium.

Materials for use in'building glazing applications have to perform im the -300°C
to 40°C range and they have to be nonlinear with respect to solar energy
transmittance. A similar performance except for operatiom at much higher
temperatures {(up to 300°C) would be of interest im solar collector glazing,
Also of interest is a material that can operate up to 600°C and switch between

being a solar absorber and reflector.

APPROACH

The Honmeywell Systems and Research Center (HSRC) approach to conducting this

literature study of EC and TC materials for solar emergy applications was as

follows:

o Extract applicable data from papers already in HSRC files

o Collect additional papers from references in the papers on file



o Conduct computerized literature searches through DIALOG (COMPENDEX,
INSPEC and NTIS), DTIC/DROLS and NASA/REECON, in order to develop
additional references for relevant materials. These databases are

available through the HSRC Information Center.

o Develop a2 matrix (materials vs. properties) for 21l the materials that
exhibit nonlinear behavior. The properties of interest were those that
have importance related to the specific applicatioms of the subject
program. A great many of the cells in the matrix remain
empty, mostly because no data has been published, at least inm the
available databases. Mateiials have been included im the Tables even

though they do not seem applicable now.

o Write discussions of those nonlinear materials that appear to be the

best candidates for nonlinear solar energy applicatioms.

o] Generate recommendations for additiomal experimental work to develop

the most promising materials for use in solar energy applications.
THERMOCHROMIC MATERIALS

INTRODUCTION

Materials that undergo a color transition at a specific temperature
(thermochromic) could be used as passive switches on building glazing. For
example, a coating of TC material on window glass would hypothetically perform
as follows: When the coating (glass) is below the transition temperature (T;),
it will transmit solar energy quite well. As the coating heats up (air
temperature, coating absorptance, solar flux) through T; it switches to a
metallic state and reflects the IR solar radiation, thus allowing a lower

influx of solar energy through the window. In the case of vanadium dioxide
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(VOy), at 2.5 pm, the influx can be reduced by a factor of 100 or more for a
film of at least 350mnm thickness. That factor decreases with wavelength and
there are evidences that in the very mear IR and part of the visible spectrum,
the transmittance might even increase. As the solar fluxr seen by the coating
decreases, or if the outside air temperature decresses, the coating will cool
through T; and allow a higher percemtage of the incident sclar flux to pass

through.

The following section discusses the available stoichiometric materials and
shows that there are none that switch at an applicable temperature. The
following discussion covers doping of these materials and introducing other
effects that shift their tranmsition temperatures, and that is followed by a
discussion of the issues related to using these materials for building glazing

applications,.
STOICHIOMETRIC COMPOUNDS

The most common of the thermochromic (TC) materials are crystalline transition
metal compounds, predominantly the oxides of vanadium and titanium. Figure 1
(from Ref. 5) shows the electrical conductivity as a function of inverse
temperature for several of these transition metal compounds. We have added a
shaded area (a) that shows the temperature range within which switching would
have to occur for application to building glazings. We have also indicated the
temperatures below which solar collector glazings and absorbers would have to
switch (B and C, respectively). It immediately becomes apparent that nome of
the materials switch at (a), (b), or (¢). In fact, only two, VO and Tig03z,

have transition temperatures (T{) that fall within the entire range from (a) to
(c). The tramsition in Tip03 is not very sharp, occurring between ~145°C and

~225°C.  The transition in VO, is very sharp and large as indicated in Figure 1
and also in Figure 2, which shows the infrared transmittance switching of a
thin film of VO, on Ge deposited by reactive sputtering at Honeywell Systems
and Research Center. The low temperature transmittance is 1imited by

reflectance loss, especially at the Ge
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second surface, The VO has basic problems related to its building glazings

applicability: (1) Its Ty is too high (68°C), amnd (2) Its visible
transmittance is very low (approxzimately 20-percent reflectance and high
absorptance). The spectral switching characteristics of VOy, as measured at
Honeywell are shown in Figure 3. Visible and near IR spectral switching
characteristics as measured by other investigators are shown in Figure 4 (Ref.
11), Figure 5 (Ref. 12) and Figure 6 (Ref. 13)., Note that the abscissa is
scaled to give equal solar emergy per umit length, Statements made in Ref., 11,
and comparison of their results with others, cast ~ some doubt on the stated
film thickness. Imn the next subsection we will discuss the possibilities for
correcting the V0y problems through doping. Nearly all doping ezperiments have
involved VO, probably because of the large conductivity ratio (o/og). Doping

always reduces o/o0, and the cther materials of interest generally have small

ratios (<102) in their stoichiometric form so they are not good doping
candidates. An exception would be Tiyg07 which has a large /oy, but at a very
low temperature. The literature search did not find any references to alloying
a high Ty material with a low T{ material to obtain a material

with an intermediate Ty. In fact, there was only ome case where doping of more
than a few atomic percent could be accomplished and the resulting material
still underwent a tramsitiom. In that case 2 non-switching material (TiO,;) was

alloyed with VOy.

Undoped TC materials properties are shown in Table 1. Note that, as in Figure
1, many materials are included whose T¢'s fall outside of the range of
interest. These materials came up in the course of the study amd are included
for the sake of completeness. o refers to the electrical conductivity at Ty
and o, to that at T<T{. Thus, o/o, is the ratio of the conductivity switching
at T¢. Table 1 contains a column showing whether or not a tramsition is first
order, Here, a first order transition means that there is a change in the
energy band because of a lattice constant change; i.e., a crystal structure
change. Such a change résults in a sharp transition that exhibits hysteresis

and has a measurable latent heat of tramsition.
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This study revealed a shortcoming in most TC materials testing conducted to
date with respect to their use in controlling solar energy transmittance and
reflectance. Most of the work om these maferials has been directed at using
them to switch electrical signals. Comseguently, there is only limited optical

data available. Only VOp and V903 have undergone extensive optical testing.

Optical testing om VOp has yielded consistent results in the mid—and long-wave
IR (%>2 pm). However, in the near IR and visible spectral regions there is
considerable disagreement concerning transmittance both above and below Ty
Several investigators found a relatively small decrease in near IR and visible
reflectance as the temperature rises above T; (see eg. Refs. 15 and 18).

Nyberg and Buhrman (Ref. 54) found that VOy reactively evaporated onto

substrates hotter than 550°C are more transparent in the visible than
"ordinary' V0o and that as these films switch to the metallic state (T>T¢), the
600-800nm transmittance increases sevenfold. Their results lead us to believe
that varying deposition conditions are the probable reason that there is
disagreement. In fact, Smith and Hughes (Ref. 11) show two different
transmittance results for samples deposited under different oxygen partial
pressures. Clearly, there is a need to learn more about the visible and near

IR optical properties of VOj.
DOPED THERMOCHROMIC MATERIALS

Many investigators have studied the effects of doping TC materials, some to
tailor the tramsition to a2 specific application but mostly as am aid to
understanding the physics of the tranmsition. Again, most of the work has been
on the vanadium oxides and because VOp is the only ome that is close to being
useful for solar energy applications, this study concentrated on dopants for
that compound. In'Table 2 we have shown the transition temperatuvre as a
function of composition for the compounds Vy_zM;05, where M is the dopant

material. Note that this data (dT¢/dx) is gemerally applicable only for x
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TABLE 2. RATE OF CHANGE OF THE TRANSITION TEMPERATURE (Tt)
NEAR Tt AS A FUNCTION OF COMPOSITION FOR THE SUB-
STITUTIONAL COMPOUNDS Vl—XMXOZ'
M th/dx(oK/at g M) x for Tt=3lOOK clep at Ty References
Ti -0.5 to -0.7 45 mole % TiO2 10 55,56,57
55 mole % V02
Re =4
Ir -4
Os -7
Ru -10
Nb -8 0.04 <10 56,57,58,59
Ta -5 to =10
Mo nv=12 0.025 100+ 22,57
W -21 n0.014 mldO 60,61
n0.012 ~300 62
=28 ~0.010 63
Ge +5
Cr 3 22,56, 64
Fe +3 56
Ga +6.5
Al +9 56
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being small; that is, near the transition temperature. One must also be aware
that even though increasing values of x lead to increasing Ti's, they also
lead to decreasing conductivity ratios (o/cy). It should be pointed out that

in the case of Ti, alloying might be 2 better term than doping.

There are two metals, Mo and W, that can be substituted in Vi_ M 0y with
results that appear to be useful for building glazing applications (see Table
2). Small amounts of dopant move the transition temperature to useful ranges
and their electrical condunctivities still undergo nonlinear transitions of the
order of 100 or more. IR reflectances are expected to remain high at T>Ty

because the conductivities are approximately the same as for VOy (Ref. 62).

Values for x that would shift Ti{ to 310°K (99°F) were determined. That
temperature is in the useful range for building emergy applications. These
dopants could be used to move the transition temperature somewhat lower eg.,
it appears that approximately 1.7 atomic percent W (x=0.017) will move the
transition temperature to approximately 700F (Ref. 60). There were no optical
data (transmittance and reflectance) avazilable for Vj_;W;05. Greenberg (Ref.
65) has measured 0.8 to 2.2 uym transmittance for a 180nm film of

Vo.og2Mog ,01802. At that doping level the transition temperature would be
approximately 3209K (117°F). Greenberg also measured 0.8 to 2.2 um
transmittance of a 150mm SnOj-doped VO, film (unreduced CVD VO; grown on a Sn0jp
primed glass substrate) (Ref. 65). The data for these two materials were
replotted and are shown in Figure 7. Note that the near IR transmittances for
these doped films are higher than for undoped VOj films of the same thickness
as shown in Fignre 6. However, the unswitched-to—-switched transmittance ratios
are smaller as would be expected from conductivity data. Although these pieces
of incomplete data do not reveal much optical imnformation, they do indicate
that doping of VOy can increase its transmittance in the near IR, and possibly
in the visible, and that by extending the switching to shorter wavelengths, the

solar emergy switching might be increased.
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Futeaki and Aoki (Ref. 66) studied the transition temperature for various
ternary compound Critical Temperature Resistors. Powders of V, R and P were
mized, reduced and pressed into beads (V=V,05; R=Fey03, Co0, NiO, GeOy, TiOg,
loO3, Nbyos, WO3, or TapOs5; P=Py0s5). The transition temperature and the
conductivity ratios at Ty for several of these ternary systems are shown in
Table 3. The oxygen content is not shown. Several of the transition
temperatures shown for specific compositions of these compounds are applicable
for solar emergy control via building glazings. However, even though their
approximate change in comdunctivity at Ty is known, their absolute

conductivities and their optical characteristics were not given.

Some work has also been directed at doping VOy by replacing some of the oxygen

with fluorine, VO F; (Refs, 67,68). The transition temperature is shown in
Ref. 67 to be limearly related to x, with the dT./dx being approximately

-269%E/atomic percent F (Ref. 67 shows a Ty of 310°K and a 6/6,>300) ., Thus,
transition temperatures applicable to solar energy control through building
glazings is achievable at thé?iﬁwkflﬁorine ievels of 2 little more than one
atomic percent, From Refs. 67 and 68, such a material must be metallic (~10"2
to 10~30~cm) above the tramsition temperature and semiconducting (~0.2 to
50-cm) below T.. Even though there was no optical data, this material is
expected to tramsmit at T<Ti. It is also exzpected to reflect well in the IR at
T>T¢, but the visible and near IR respomnses are unknown. An interesting

possibility is that this material might transmit to shorter wavelengths as most

fluorides do.

Sakata (Ref. 69) has doped NbOy by the substitution of Ti in Nb Tig;_405. A

linear relationship of dT{/dx~ —20°K/ atomic percent Ti was found for
0.9¢x<1.0. EHowever, stoichiometric NbOy has a o/c, ~ 10 at Ty and all the
other materials exhibit decreasing ¢/c, with increasing doping level.

Consequently, we think that doping Nb0s to drop its transition temperature into

the 600°C range is not a worthwhile endeavor.
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TABLE 3. TRANSITION TEMPERATURES AND CONDUCTIVITY SHIFTS
FOR TERNARY COMPOUNDS (Oxygen not shown) (Ref. 66).

T, (°K) o/og at Ty
V,FesP, o I ' 328 100+
Vg oMoy 1P 4 g | 323 n15
Vg Moy 3Py g | 299 10+
Vg MO, Py 283 n5-6
Vg.7%0 31,0 323
Ve.9%0.1F1.0 312 v1s
VeCo4P, 329 n100
VgGe Py 353 30
Vo STy gPy g 340 n1500-2000
VioP1 1 338 - 2500
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OTHER EFFECTS ON Ty

In adition to doping, there are other effects that can cause shifts in the
transition temperature (Ty) of thermochromic materials. Duchene, et al. (Ref.

70) found that overcoating a VOy film with a thin film of Si0p lowered its Ty,

decreased its o/o, and spread the tramsition out over approximately 30°C,
Several investigators have studied the relationship between T; and pressure and
stress, especially in V903 (Refs. 28,71,72,73). Adler, et 2l. (Ref. 32) point
out that the pressure effect is mnch smaller in VO, than in either V,03 or VO.
We expect that the overcoated VO, is affecting Ty by its intrinsic stress or by
limiting the atomic reorientation that occurs at transitiomn. Serbinov, et al.
(Ref. 17) found that V03 can be switched electrically and that as the
temperature is increased toward T;, the electric field required for switching
decreases., This would indicate that a constantly applied low electric field
could be msed to reduce the transition temperature. Our experience at HSRC, as
well as that of others, indicates that VO does not switch electricaily over
large areas. Rather, the field causes formation of high comductivity
filaments, which cannot be used for the solar emergy applications of interest

in this study.

Generally, these other effects are of interest to help us understand the
Physics of the tramnsitions. They do not appear to be useful im practice and

will not be discussed further in this report.
CONCLUSIONS

A look at Figure 1 makes it clear that the only TC material useful for building
glazing applications would be V0, that has been modified (doped) to decrease

its transition temperature by zpproximately 300C. That kind of modification is
possible but the optical properties of doped V0,'s might not be acceptable.
For this application a large o/oy is not required. Therefore, a relatively
thin film of 200mm, or less, might give useful switching and acceptable visible

transmittance. There really are mo TC materials that can be
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nsed for solar collector glazing (Figure 1, line b). Tin03 is the closest but
it switches by 2 ratio of less than 100 in its stoichiometric, simgle crystezl.
form. Alsc, in addition to reducing the switching effect by doping, we found

no date on dopants that increase Ty in Tio03. V305 has been reported (Refs. 18

and 36) to have T(~420°K. However, it only switches by & ratio of zbout 10 to
20 and we also found no data on doping V305 to move Ty to higher temperatures.

Nb0g is the only TC material that could be used for a solar absorber

application (Figure 1, lime ¢). It s T{ is too high by approximately 200°C but
that can be corrected through doping (Ref., 69). However, as pointed out
earlier, the conductivity ratio (o/og) in NbOg is only approximately 10, and
doping would reduce that to something that is not useful. Therefore, the oxnly
applicable TC material is doped VOp, for use in conjunction with building

glazing.

Doped VO,

There are several dopants that can be added to VO, to decrease its tramsitiom

temperature (T¢) down into the range of 300-310°K, where it would be useful for
controlling solar energy flow through building glazing. All dopants reduce the
condnctivity ratio (o/6y) with inereasing doping level. Therefore, the most
~promising candidate dopants sre those with large dTi/dx (Ty change per atomic
percent dopant) so that small guantities of dopants are required., From Table
2, W looks best, then Mo and possibly Ru but there is essentially mo data om
Ru.

Approximately 1 to 1 1/2 atomic percent of W im VOy (Vg o9oWp,0102 to

Vo.985%0.01502) will switch in the temperature range of 26 to 46°C with a
conductivity ratio of approximately 100 to 500, Such a material courld be
deposited on gless by vacuum deposition (evaporation or sputtering) either by
using doped source material or by co—depositing from two sources. The

technology needed for depositing this material is available,

There are several issuves associated with the application of doped V09 coatings

for controlling solar fluence through windows:
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o Can doped VOp be fabricated to give acceptable visible transmittance

in both states (T<T{ and T>Ty)?

o Will the doped VO, have a pleasing color, both in transmittance and

from the exterior (reflectance)?

o Carn the spectral response of the doped VOy be tailored to achieve

more switching at shorter wavelength?

] The total U.S. production of V is approximately 2000 tons per year,
mainly used for alloying steels. Would there be a sufficient quantity

available at reasomable cost for a major new application?

These are questions that must be answered before decisions about applicability

of doped VOy can be made.

ELECTROCHROMIC MATERIALS

INTRODUCTION

Electrochromic materials or systems change their color reversibly im response
to an applid electric potential, They are usually divided into inorgamnic ion
insertion {(transitiom metal oxides} or organié ion insertion materials and
reversible electrodeposition systems. Nearly all the reported work om
electrochromic materials has been directed at developing display devices and
therefore, wuch of the literature does not provide some of the information
necessary to assess solar emergy applicability. Also, most of the ion
insertion materials are used in electrochemical cells wherein the electrolyte
material is a liquid. ‘Although that does not preclude their use on large
surfaces, such a system would probably be impractical. Some solid electrolyte

systems have been tested and it appears that they are effective (Refs. 74,75) .
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INORGANIC ION INSERTION

Tungsten trioxide (WO3) is the most widely studied of this class of EC
materials. A cell using a sputter deposited thin film of W03, a solid
electrolyte (RbAggIs) and Indium Tin Oxide (ITO) as the transparent electrode
exbibited good switching characteristics in the solar spectrum (Ref. 75 ). 1In
Figure 8 we have plotted the 0.4 to 2.5 um colored state transmittance of this
W03 cell relative to the 'clear’ state transmittance. Note apain that the
abscissa is scaled to give equal solar energy per unit length. The integrated
solar transmittance is 0.47 for 0.4 to 2.5 um. Therefore, this cell shuts off
53 .percent of the radiation in that band, which contains approximately ‘
84 percent of the total solar energy and even more that of the solar energy
that would be transmitted through glazing. Thus, this material could be used
to reduce the influxz by approzimately one~half. The energy requirement for
this system is approximately 10 mJ/em? for each complete cycle (clear to
colored to clear) and the potential is approximately 2.75V. Goldner, et. al.
(Ref. 76) were interested in-solar. energy applications and have measured the
spectral reflectance of bleached and colored polyerystalline WO3 deposited by
rf sputtering on ITO substrates, Their data is replotted in Figure 9 from
which the 0.5 to 2.5 pm integrated solar reflectance can be seen to change
between 0.13 and 0.27. Thuos, they show an increase by a factor of two in the
integrated reflectance for approximately 73 percent of the total solar
spectrum. Of course, that would decrease if the 0.4 to 0.5 um reflectances are
similar to those between 0.5 to 0.6 pm (lower in the colored state than in the

'clear' state).

Molybdenum trioxide (MoO3) is another material that has been studied
extensively. In the example presented here an agueous electrolyte was used
(Ref. 77). "In Figure 10 we again plot spectral transmittance in the colored
state relative to the 'clear’ state. The 0.4 to 2.5 um integrated
transmittance is 0.34, Thus,this system can be used to exclude 66 percent of
the 0.4 to 2.5 pm radiation. Depending on the configuration, this system

requires a potential of 2.5V or less.
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The data that was found on inorganic ion insertion EC materials is shown in
Table 4. The column headed T/T, refers to the solar transmittance of the
'colored’ relative to the 'clear' states. As discussed above, WO3 is the most
promising EC material, and for solar glazing or collector applications it

should be used in conjunction with a thin film solid electrolyte.

Vezzoli (Ref. 87) discusses an insnlator-to-metal field-induced phase
transition in niobium dioxide (NbO;) when in the presence of a sufficient
charge concentration. Earlier, this electric field induced transition was also
investigated by Shin, et al. (Ref. 88). Homeywell Systems and Research Center
has worked on the task of depositing NbOj thin films that will switch upon
application of an electric field., HSRC has had two govermment contracts and
bhas worked the problem on IR and D for three years. NbG; has to be deposited
with good stecichiometry and crystallinity, but more than that, the crystallites
must be properly aligned. HSRC has now deposited NbOp that switches
electrically. Bowever, at this stage of development, the devices draw too much
current and considerably more development will be necessary before electric

field switched thin film NbOy will be a reality.

ORGANIC ION INSERTION

The organic ion insertiom electrochromic materials that have been studied most
extensively are the viologens and specifically, heptyl viologen dibromide
(BVDB) . HVDB has high electrochromic efficiency, or sensitivity, which is
excellent for display applicatiomns because its two peaks are at 513.5 and
544nm. However, for solar energy applications this is not desirable because
there is essentially no switching except at the center of the visible spectrum,
Therefore, there would be a large change in the visible regiom (appearance)
without a large integratedvsolar effect. This could be useful for daylight
control. This rather narrow-band effect appears to be more typical of the
organic ion insertion materials that of the imorgamic materials. Table 5

contains data on several organic EC materials that exhibit significant
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transmittance switching, There are many other organic EC materials also, but
none were found with properties that have any chance for application in
glazings. Also, these materials gemerally cannot tolerate the high

temperatures of solar absorbers.

CONCLUSIONS

In their present state of development it appears that the inorganic ion
insertion EC materials have the best chance for solar emergy control
applications, They are also the only ones that have a chance to be used in
switching solar absorbers. Wet chemical electrolytes appear to be relatively
undesirable for building glazings and probably not useable in solar

collectors. However, there now are solid thin film electrolytes that give good

results, at least with WOz,

The best choice at this time is WO3 but that might be partly because it'has
been studied most extensively. WOz has the advantage that it switches most imn
the solar IR and maintains high visible transmittance in both states. It s
integrated switched-to—unswitched transmittance is approxzimately 0.5, so WOz

‘would give comsiderable control.

Some issues associzted with using EC materials for solar emergy comtrol are as

follows:
o There is very little 'solar spectrum’ optical data aveilable

o] Solid electrolytes with high visible transmittance mneed to be
developed—~visible transmittance of those already developed is gemerally

unknown (unpublished).

e} NbO» requires additiomal development to obtain good electric field
switching in thin films, and then, they might not be useable where good

visible transmittance is necessary.
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Reversible electrodeposition systems do not appear to be adaptable to building
glazing. Also, the inorganic systems that have been developed for display
applications have marrow—band responses in the visible region which is not
desirable for solar applications but could probably be used for daylight
control. Therefore, as stated earlier, we think that the best chance for
success in applying EC materials for solar emergy control is to work on the

inorganic materials (especially WO3) and on solid electrolytes.

RECOMMENDATIONS

Based on this search of the literature om EC and TC materials for use in solar

energy control, these are the recommendations for future development activity.

Conduct Research on Doped VOs——The possibilities for using doped VO, to comntrol

solar energy influx through building glazing should be established through

peformlng the following tasks:
o Deposit VOy doped with a range of dopant levels of a variety of

dopants that will yield Tt's in the desired temperature range. The

substrates should be architectural glass,

o Measure the solar spectral transmittances and reflectances of the
deposited samples to determine which dopant(s) and dopant level(s) will
provide the best solar emergy control.

o Evaluate the envirommental stability of the chosen combination(s) by

measuring abrasion resistance, adherence to substrate and humidity

tolerance,

Conduct Optical Testing on EC Materials——Most of the research om EC materials

is directed at their use in displays. To determine their usefulness for solar

energy control through building glazing reqguires performance of the following
tasks:
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o Acquire EC devices that are designed to operate in a transmission mode,

o Fabricate EC devices that are not currently available (many devices
have been fabricated for display purposes only and operate only in
reflective mode; ie., they are opague in both the 'colored’ and 'clear’
states).

o Measure the solar spectral transmittance and reflectance of these

candidate EC materials in both their 'colored’ and 'clear’ states,

Develop Solid Electrolvtes for EC Devices~-Building glazing comprised of EC

devices with fluidic electrolytes are probably impractical. Assuming that some
of these materials have desirable optical characteristics, to make these

devices practical will require performance of the following tasks:

0 Investigate the range of candidate solid electrolytes for each
candidate EC material, fabricating devices of the various EC
material-electrolyte combinations.

o Measure the solar spectral transmittance and reflectance of all the
combinations in both the ’'colored' and ’cleér’ states,

o Optimize those combinations that give the best results,

Develop Switchable Thin Film NbOy—-There is good, but not irrefutable evidence,

that bulk NbOy will switch electrically when am electric field is applied in
the right direction relative to the crystal orientation. Honeywell Systems and
Research Center has been working om depositing thin film NbOs; that will switch
electrically. Although there has been some success, much work is still needed
to have good devices, To get to that point, the following tasks must be
completed:

o Fabricate a wide variety of thin film NbOy devices with variables such
as: crystallite size; crystal orientation with respect to electric
field; dielectric material, thickmess and geometry (for insuring field

ratbher than filamentary switching) and device size.
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o Conduct an exhaustive testing program of the fabricated devices and
attempt to correlate switching characteristics with microstructure.
Measure switching times to establish the presence of electric field
switching.

o} Using the understanding of the process gained in the above task,

fabricate larger area thin film NbOy EC devices for testing.

ESRC experience to date hzs been with NbOy films of ~lpm, or more, and they
have very little visible tramsmittance. Thus, NbOy would be useable for

" glazing applications omnly if its visible fransmittance is adeguate in thinner
films, and if the electric field switching can be realized in those thinner

films.
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APPENDIX A
MATERIALS SCREENING TESTS

As part of a contract supported by the U.S. Air Force, Honeywell Systems and Research
Center developed an experimental procedure for screening materials that might exhibit
semiconductor-to-metal (SCM) transitions or that might have nonlinear refractive
index shifts. This section gives a discussion of that development and the results
obtained through using the developed procedure.

Semiconductor-to-Metal Transitions

Magnetic order strongly affects free carrier motion. In an antiferromagnetic
semiconductor, there is an energy advantage for the conduction electrons to self-
Tocalize into a region that becomes ferromagnetic due to the presence of the large
number of electrons. If the carrier density is not too large, these ferromagnetic
regions will exist as a perijodic structure within the antiferromagnetic matrix.
The conductivity of this composite will be Tow since the conduction electrons are
localized in the ferromagnetic structure.

As the Neel temperature is reached, there will be a rapid rise in the number of
conduction electrons as the ferromagnetic regions and antiferromagnetic structures
dissolve. To obtain a semiconductor-to-metal transition at the Neel temperature,

the free conduction electrons need to be able to move easily within the crystal.

This requires a high mobility conduction band such as is formed by the overlap of

d orbitals. Compounds of the form MX (where M is a transition metal and X is S,

Se, Te, As, Sb, or P) which have the NiAs crystal structure commonly are antiferro-
magnetic with unfilled d orbitals. Thus, many materials of the form MX were evaluated
in our search for materials displaying semiconductor-to-metal transitions.

Nonlinear Refractive Index Transformation

There are several types of nonlinear behavior which do not result in the band gap
collapse that is characteristic of_semiconductor-to-metaj phase transitions. These
other transformations Tead to less drastic changes in optical properties, namely a
refractive index shift. Such a change is usually small and will not, of itself,
significantly alter the optical properties of a single film of material. These
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materials can become very effective when used as components in an optical coating
system. For example, if such materials are used as elements in multilayer stacks of
quarter wave optical layers, small index changes caused by a nonlinear transition
can result in large spectral reflectance changes. That kind of an application does
not appear to be of interest to this program on bui1dings'energy applications.
However, we include the results of the screening tests for completeness sake, and
because there could develop a use for such materials in a related energy technology.

Experimental Procedure for Evaluating Candidate Nonlinear Materials

Single crystals or polycrystalline samples of candidate materials (large enough to
perform optical measurements) would be quite expensive. Thus, it was decided that
the cost and time required to obtain single-crystal or polycrystalline samples should
be expended on only those materials that had been shown to display temperature
dependent dielectric properties. Since most materials can be obtained relatively
inexpensively, in powder or chunk form, our screening techniques were designed for
evaluating powders or small chunks of material. B

We used a two-step screening process. The first step involved a measurement of the
dielectric constant and loss tangent (at 1 kHz) as a function of temperature.
Materials that displayed temperature dependent properties at 1 kHz were then evaluated
at 21 GHz by measuring their microwave transmission as a function of temperature.
Materials that showed temperature dependent properties at both 1 kHz and 21 GHz were
prepared as coatings or crystals for an evaluation of the temperature dependence of
their optical properties.

The screening procedure was based on the frequency dependence of the contributions
to the polarizability («) of a material. The dielectric constant (e¢) is related to
the total polarizability per molecule as follows:

e =1+ 51 (12) (”g,\‘;ﬁ)” (1)
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The dielectric constant also shows the same general frequency dependence as «.
In Equation (1), M is the molecular weight, p is the density, L is Avogadros number,
and o is the total polarizability per molecule.

Figure A-1 shows the frequency dependence of the polarizability. As indicated, o

is a sum of electronic, fonic, and orientational contributions. At low electromagnetic
radiation frequencies, all three contributions respond and influence the dielectric
properties of the material. However, as the frequency increases, those contributions
with Tow resonant frequencies become ineffective so that in the infrared and visible
regions only the electronic, and possibly the ionic contributions, are effective.

Thus, if a material does not have temperature dependent dielectric properties at Tow
frequencies, the dielectric properties in the visible and IR will also be temperature
independent since the low fregquency properties are influenced by all the contributions.
However, if the dielectric properties of a material are temperature dependent at Tow
frequencies, one of two situations is possible:

1. The temperature dependence is a result of Tow resonant frequency contributions
which will not affect the visible and IR properties, or

2. The temperature dependence is a result of higher resonant frequency
contributions which could affect the optical properties.

The second step in the screening procedure involved microwave transmission measurements
through the matekia] as a function of temperature. If no temperature dependence of

the microwave transmission was noted, the material was dropped from further consideration.
However, if a temperature dependent microwave transmission was present, the material

was considered a candidate for screening tests at optical frequencies.

Experimental Results

The results of screening tests of candidate nonlinear materials are shown in Table A-1.
Candidate materials for both nonlinear semiconductor-to-metal transitions and nonlinear
refractive index changes are 1isted. Temperatures listed in Table A-1 could be as much
as 20 degrees greater than the actual temperature of the materials because the
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Table A-1.

A-5

SCREENING TEST RESULTS:

TEMPERATURE

DEPENDENCE OF DIELECTRIC PROPERTIES

FREQUENCY

= 1 KH

FREQUENCY = 21 Gk

MATERIAL

DIELECTRIC CONSTANT

DIELECTRIC LDSS

TRANSMISSIDN

Agl (2}

A5,S 11

(:aS2 (i

Lo5e (1!

CoTe (1:

FeSe (1)

HiSe, (1;

?

Haly (21

ln;,Se3r2¢
MgTr 1,
"y
NiSe 114
NiTe {1
T.Sz {1
T g2

Zr517 )

ert2 {1

INCREASES BY FACTOR
OF 10¢ 21 -vapt ¢

INCREASES BY FACTDR
oF 16t AT - 1200

DECREASES BY FACT DR
OF 100 a1 2 qip° ¢

KD ABRUPT CHANGE

DECREASES RY FACTOR
OF - 24T 2 40%¢

INCREASES BY FACTOR
OF - 3AT 23130°¢

INCREASES AT 2 18p0

INCREASES BY FACTOR
0F - 50047 2 g0 ¢

KD ABRUPT CHANGE
NO ABRUPT [HANSE
N ABRUPT CHANGE
ND ABRUPT CHANGES
AT S0t ¢

%0 AREUPT CHAKNDE
&7 < 180 [

INCREASES BY FACTOR
0F5AT Tapet g

ND ABRUPY CHANGE AT
<180% ¢

N0 ABRUPT CHANGE AT
<180 ¢

NO ABRUPT CHANGE
N0 ABRUPT CHANGES
AT <180% ¢

NO ABRUPT CHANGE

N0 ABRUPT CHANGE

NO ABRUPT CHANGE

INCREASES BY FACTOR
or - 102 AT . 1200 ¢

DECAEASES BY FACTDR
DFi10aT Tt

WO ABRUPT CHANGE

DECREASES BY FACTDR
OF10AT 2agtc

N0 ABRUPT CHANGE

INCREASES AT 2 ya4p0

INCREASES BY FACTOR OF
10047 < 90

WD ABRUPT CHANGE

NO ABRUPT CHANGE

INCREASES BY FACTDR DF.

- ADAT Zappte

ND ABRUPT CHANGE AT
<t

NO ABRUPT CHANGE
INCREASES BY FACTOR
0F 30 AT 2 np°¢

NO ABRUPT CHANGE AT
<180 C

DECREASES BY FACTOR
DF 4 AT apir

‘NO ABRUPT CHANGES AT
< 1!0’? C

ND ABRUPT CHANGE

KO ABRUFT CHANGE

DECREASES BY FACTDR
DF - 30ATT Yygpf ¢

NOT TESTED YET

%0 ABRUPY CHANGE FOR

NOT YET TEST:ID
KDT TESTED YET

WOT TESTED YET

NO ABRUPT CHANGE

DECREASES BY FACTOR
OF G AT 2 1300 ¢

DECREASES BY FACTOR
OF 20 A1 200" ¢

NOT YESTED YIT

NOT TESTED YIT

ABARUPT CHANGE AT
& 000

(1) Candidate semiconductor-metal transition material

(2)

Candidate refractive index change material
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thermocouple could not be inserted directly into the material without affecting the
measurements. At that stage we were mainly interested in whether a change in properties
occurred as the temperature was varied. More exact measurements of the transition
temperature could be made later on those materials that showed nonlinearities at

optical frequencies.

Limitations in the program schedule and funding prevented us from making microwave
transmission measurements of all the materials that showed Tow freguency temperature
dependent properties. However, of those that were evaluated at microwave freguencies,
AgI, Hgl
candidates for further evaluation at optical frequencies. Those four materials were

53 InZSES’ and T1I showed :temperature dependent properties and were considered

candidates for thermally induced refractive index change nonlinearities. As stated
previously, that type of material might not be applicable for improved energy efficiency
in buildings.

One material (AgZS) that exhibited nonlinearities at 1 kHz, but was not tested at
microwave frequency, has undergone considerable development on a subsequent Air Force
contract (Ref. 52). AgZS has been included on the thermochromic materials matrix
(Table 1).






